The analysis of metabolic markers in blood has great utility in research and the clinical laboratory for its pathological and prognostic value in metabolic diseases. For example, a frequently used clinical test for assessing the severity of hyperglycemia in diabetics is the measurement of the glycosylated form of hemoglobin (HbA1c). Experimental translational studies have extended this concept to the measurement of mitochondrial function in diseases such as diabetes based on the concept that systemic exposure to hyperglycemia or pro-inflammatory cytokines impact mitochondria in platelets and monocytes.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ This is important as key diseases including atherosclerosis, cancer, and neurodegeneration are now known to be associated with deterioration in mitochondrial function.^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9]^ These insights, together with the advent of mitochondrial-targeted drugs,^[@bib10],\ [@bib11],\ [@bib12]^ emphasize the need for methods to assess the changing dynamics of bioenergetic function in patient populations.^[@bib11],\ [@bib12],\ [@bib13]^ Leukocytes and platelets are the two major cell types in the blood, which have active and detectable oxidative phosphorylation. Several studies in patients with diabetes, cardiovascular, and neurodegenerative diseases have shown significant defects in mitochondrial function in leukocytes and platelets supporting their potential for monitoring the disease process and therapeutic interventions.^[@bib3],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^

Platelets have frequently been used as a source of material for bioenergetic analysis in translational studies. These anuclear fragments of megakaryocytes have an important role in the regulation of thrombosis and are exposed to systemic metabolic and inflammatory stress during their maturation in the bone marrow. In support of the concept that platelet function can reflect metabolic stress, recent studies have utilized the extracellular flux analyzer to examine the bioenergetics of isolated human platelets.^[@bib3],\ [@bib14]^ Consistent with the concept that diabetes is associated with mitochondrial dysfunction, lower basal, and maximal respiration rates were found in platelets isolated from type 2 diabetics compared with control subjects.^[@bib3]^ Interestingly, platelets have been used to identify defects in cytochrome c oxidase in Alzheimer\'s patients.^[@bib18]^ The changing function of platelets in ageing has also been studied and it is clear that platelet mitochondrial function decreases with ageing, partly owing to a loss of complex I activity.^[@bib19],\ [@bib20],\ [@bib21]^

Bioenergetics in monocytes have also been studied in human subjects and it is now becoming clear that mitochondria have a critical role in the phenotype switching of macrophages. The balance between the pro-inflammatory M1 and anti-inflammatory M2 phenotypes of peripheral blood monocytes has been suggested to be one of the potential mechanisms leading to metabolic syndrome and arterial stiffness in obese type 2 diabetic patients.^[@bib22]^ Recent reports have shown that altered monocyte mitochondrial respiration is correlated with mortality following septic shock.^[@bib16]^ Studies in human mononuclear cells isolated from type 2 diabetic patients suggest a correlation of perturbations of mitochondrial homeostasis to alterations in mitochondrial morphology, mitochondrial mass, and membrane potential.^[@bib17]^ A recent study in fibromyalgia patients demonstrated that increased lipid peroxidation, mitochondrial dysfunction, and mitophagy in blood mononuclear cells are strongly associated with clinical symptoms of the disease.^[@bib15]^ It is also now clear that both T and B cells modulate their metabolism during normal function, and mitochondrial bioenergetics also has a key role in this process.^[@bib23],\ [@bib24]^ Among the likely mediators resulting in bioenergetic dysfunction in leukocytes and platelets are cytokines. Importantly, environmental, dietary, and epidemiological studies demonstrate distinct patterns of cytokine profiles in patients with chronic inflammatory diseases, such as cancer, diabetes, obesity, and metabolic syndrome.^[@bib25],\ [@bib26],\ [@bib27],\ [@bib28]^ These data highlight how measurement of cellular bioenergetics in leukocytes and platelets can act as a surrogate index of mitochondrial function in several pathologies including diabetes and Alzheimer\'s disease or in some cases can be directly related to the underlying pathology such as the autoimmune diseases.^[@bib18],\ [@bib29]^

In addition to the mitochondrial consumption of oxygen at cytochrome *c* oxidase, the NADPH oxidases are also capable of mitochondrial-independent oxygen consumption. Chronic inflammatory pathologies cause priming of neutrophils and monocytes, which results in enhanced production of superoxide from NADPH oxidase (NOX 2) through the oxidative burst.^[@bib30],\ [@bib31],\ [@bib32],\ [@bib33]^ The levels of activation of the oxidative burst are thought to be a sensitive index of autoimmune conditions, and oxygen consumption can reach levels that are comparable if not greater than mitochondrial respiration. Indeed, recent studies have demonstrated an inverse association of oxidative burst capacity and disease severity in the recurrence of Guillian Barre\' syndrome, arthritis, Crone\'s disease, multiple sclerosis, and other autoimmune conditions in both human subjects and animal models.^[@bib34],\ [@bib35],\ [@bib36]^ A few case reports have also been described of patients with G6PD deficiency and the resulting recurrent infections associated with decreased NADPH for the oxidative burst in neutrophils.^[@bib37],\ [@bib38]^ Defects in the neutrophil oxidative burst results in recurrent infections, the formation of granulomas, and other immune-deficient pathologies.^[@bib39]^ Clinical testing for deficiencies in the oxidative burst currently use the qualitative and nonspecific reduction of nitroblue tetrazolium.^[@bib40],\ [@bib41]^

It is clear that a high throughput assay for the sensitive measurement of oxygen consumption in cells isolated from 10--20 ml of human blood could give insights into both cellular bioenergetics in a broad range of diseases and innate immunity, and then be beneficial for translational research. In the present study, we demonstrate how extracellular flux analysis can define a bioenergetic profile in platelets, monocytes, lymphocytes, and measurement of the oxidative burst in monocytes and neutrophils from individual donors. A comparison of the bioenergetic profiles of these cell types from single individuals has not been previously reported. Interestingly, control of the respiratory chain appears to be quite different between platelets, monocytes, and lymphocytes, and this should be taken into account in the design of translational studies.

MATERIALS AND METHODS
=====================

Blood Collection and Cell Isolations
------------------------------------

All study protocols for collection and handling of human samples were reviewed and approved by the Institutional Review Board, University of Alabama at Birmingham. Blood samples (1--2 tubes, 8.5 ml/tube) were collected from eight healthy volunteers (five males and three females, 25--55 years of age) in vacutainers (BD Biosciences) containing 1.5 ml ACD solution (trisodium citrate, 22.0 g/l; citric acid, 8.0 g/l; and dextrose 24.5 g/l) as anticoagulant and processed within 15 min of collection. All isolation procedures were designed to prevent activation of the cells during isolation such as performing isolations at room temperature with the use of anticoagulants. We found that the frequently recommended use of phosphate-buffered saline to prepare leukocytes resulted in severe loss of bioenergetic function and for this reason we use RPMI Cat \#17-105-CV (no antibiotics, no phenol red, no FBS). The artifactual activation of cells during the preparation results in clumping, and if this occurs the samples should be discarded. Platelet-rich plasma (PRP) and the buffy coat were separated by centrifugation at 500 *g* for 10 min. Platelets were pelleted by centrifugation of the PRP at 1500 *g* for 10 min and then washed once with PBS containing prostaglandin I~2~ (PGI~2~ 1 *μ*g/ml) to inhibit aggregation. If PGI~2~ is not included, the platelets irreversibly aggregate and cannot be purified further. Platelet counts were determined by turbidimetry as reported by Walkowiak *et al.*^[@bib42]^ The buffy coat was diluted (1:4) with basal RPMI media and applied to a Histopaque density gradient (specific gravity 1.077, Sigma Chemical Cat \#10771 and 1.119, Cat \#11191), and centrifuged without application of the brake at 700 *g* for 30 min. The peripheral blood mononuclear cells (PBMCs) and polymorphonuclear cells (granulocytes) were collected separately. CD14^+^ monocytes were purified from PBMC fraction by the MACS technique (Milteneyi Biotec) using superparamagnetic iron--dextran microbead-labeled anti-CD14 antibodies according to manufacturer\'s instructions. PBMC were incubated with the labeled anti-CD14 antibodies at 4 °C for 15 min before applying the cells to the column placed in the magnetic field. Cells retained in the column were collected by eluting with RPMI containing 0.5% bovine serum albumin after removing from the magnetic field. The flow through from the CD14^+^ monocyte isolation contained lymphocytes, which were further purified by selectively depleting the contaminating platelets and red blood cell (RBC) using magnetic beads labeled with anti-CD65 antibody and anti-CD235a (glycophorin) antibodies, respectively. The purity of each fraction was assessed using FACS analysis and is reported in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}, and fluorescently conjugated antibodies were used to identify each cell type, monocytes (FITC anti-CD14), lymphocytes (APC anti-CD45), and neutrophils (PE anti-CD15). With the exception of monocytes, which were contaminated with ∼11% lymphocytes and 35% platelets by cell number, all other cell types were over 80% pure. RBCs are minor contaminants of the neutrophil, lymphocyte, and platelet preparations but do not contribute to bioenergetic measurements. It is important to note that platelet volumes are ∼10% of the volume of monocytes, and we estimate in [Supplementary Table 1](#sup1){ref-type="supplementary-material"} that their contribution to the cellular bioenergetics and total protein of the monocyte preparation to be \<1%. On this basis, we conclude that the bioenergetics and protein analysis of the specific isolated cell population have a minimal contribution from contaminating cell types.

As the cell types examined in this study could be activated by the preparation they were examined by microscopy with and without activation by phorbol 12-myristate 13-acetate (PMA) as a positive control. As shown in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, platelets, lymphocytes, neutrophils or monocytes showed no evidence of activation when compared with the positive control. All cells exhibited \>95% cell viability assessed using trypan Blue exclusion (data not shown).

Attachment of Cells to the Assay Plates for Bioenergetic Assessment
-------------------------------------------------------------------

Determination of cellular bioenergetics and oxidative burst were performed after plating the cells on 24-well polystyrene plates designed for the extracellular flux analyzer. Purified lymphocytes, monocytes, and neutrophils were resuspended in sterile XF assay buffer (DMEM supplemented with 5.5 mM 𝒟-glucose, 4 mM ℒ-glutamine, and 1 mM pyruvate, pH 7.4), and plated (250 000 cells/well) in 200 *μ*l on the CellTak (BD Biosciences)-coated assay plates, and allowed to settle for 30 min at 37 °C. The sedimented cells were attached to the bottom of the plate by centrifugation at 40 *g* without application of the brake and then brought up to 660 *μ*l using XF assay medium. Platelets were plated at 25 million per well for bioenergetic measurements after removing PGI~2~ by washing. The plating efficiency was calculated by counting the cells on the plate and assuming that the seeding number represented 100%. On this basis, the plating efficiencies for all cell types were \>70% (monocytes, 76.0±2.7% lymphocytes, 74.8±14.0% and neutrophils, 70.2±2.7) for four independent subjects, which suggests that the subsequent measurements are representative of the population of cells isolated from each individual.

Measurement of Cellular Bioenergetics
-------------------------------------

Cellular bioenergetics of the isolated cells was determined using the extracellular flux analyzer (Seahorse Bioscience), which measures O~2~ and protons. This system allows for real-time, noninvasive measurements of O~2~ consumption rate (OCR) and proton production rate (PPR), which can be correlated to mitochondrial function/oxidative burst and glycolysis, respectively.^[@bib43]^ The injection ports attached to the wells allow for injection of inhibitors of mitochondrial respiratory chain or activators of the oxidative burst to determine the defects in individual cellular respiration pathways or enzymes. Pilot experiments for monocytes, neutrophils, platelets, and lymphocytes isolated from individual donors were performed to determine the optimal cell number required for accurate measurements of OCR and PPR. The optimum concentration of the inhibitors and activators to be used for the assessment of mitochondrial function and oxidative burst were determined by titrating the individual compounds in separate experiments against the cell number determined in the first set of experiments. First, the mean basal respiration is determined by taking 3--4 OCR measurements before the addition of the inhibitors or activators. ATP-linked OCR and proton leak were determined by injecting oligomycin at 0.5 *μ*M (for monocytes, lymphocytes, and neutrophils) or 0.75 *μ*M (for platelets). The fall in OCR following oligomycin injection is the rate of oxygen consumption that corresponds to ATP synthesis, and the oligomycin-insensitive rate is considered as proton leak across the inner mitochondrial membrane. FCCP, an uncoupler of the electron transport chain, was used at a concentration of 0.6 *μ*M to determine the maximal respiration rate. This rate gives the theoretical maximum oxygen consumption that can take place at cytochrome c oxidase whether limited by availability of substrate or activity of the electron transport chain. The difference between the basal rate and this FCCP-stimulated rate is the reserve capacity of the mitochondrion, which is a measure of the maximal potential respiratory capacity the cell can utilize under conditions of stress and/or increased energetic demands. Antimycin A, an inhibitor of Complex III, was used to completely inhibit mitochondrial electron transport. The OCR determined after antimycin A injection is attributable to non-mitochondrial oxygen consumption. Mitochondrial basal respiration, proton leak, and the maximal respiration were calculated after correcting for the non-mitochondrial OCR for each assay. Cells were allowed to attach to the XF24 plate for 30--60 min before measurement of mitochondrial function. Under these conditions, viability was over 90% for all cell types and remained so over the time course of the assay. At the end of the assay period, cell lysates were collected, and OCR and PPR values normalized to the protein content in each well.

Measurement of the Oxidative Burst
----------------------------------

Determination of oxidative burst was performed in the same cells with or without determination of mitochondrial function as described above using the extracellular flux analyzer. Cells were activated with PMA (100 ng/ml), a well characterized activator of protein kinase C (PKC) and inducer of oxidative burst. The difference between the PMA-stimulated OCR and the rate of oxygen consumption after antimycin A treatment was taken as the oxygen consumption owing to oxidative burst. To compare the production of superoxide from neutrophils with an established method, the reduction of cytochrome *c* was used.^[@bib44]^ Briefly, 2 × 10^5^ CD15^+^ neutrophils were incubated in the presence of 20 *μ*m horse heart cytochrome c (Sigma Chemical) and monitored for the SOD-inhibitable reduction of cytochrome *c* before and after the addition of PMA by spectrophotometry. Concentrations of reduced cytochrome c were measured using the extinction coefficient 18.14/mM/cm (at 550--556 nm). Superoxide generation following PMA activation of neutrophils was also determined using the semiquantitative nitroblutetrazolium reduction assay and assessment of the formazan product in activated neutrophils.^[@bib41]^

Determination of Mitochondrial Respiratory Complexes
----------------------------------------------------

Mitochondrial respiratory chain complexes relative to the total protein in each cell type were determined by western blotting for cytochrome *c* oxidase subunit I and Reiske iron--sulfur protein, two mitochondrial proteins required for electron transport. After isolating the different cell types from the blood, samples were lysed and the proteins solubilized by mixing with 150 *μ*l lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 1% NP-40) containing 1 × protease inhibitor cocktail (Cat \# 14150700, Roche, USA) and then performing a freeze--thaw cycle. The soluble fraction of the cell lysate was collected by centrifuging at 10 000 *g* for 10 min. For western blot analysis, 50 *μ*g protein was loaded per well and probed using anti-cytochrome c oxidase subunit I (Cat \# A6403, Invitrogen, USA) and anti-Reiske iron--sulfur protein antibody (Cat \# A21346, Invitrogen). Densitometric analysis was performed using AlphaView SA software (Alpha Innotech, CA, USA) to determine the relative levels of these proteins. Data were normalized to the total signal from the western blot membrane stained with Ponceau and expressed as arbitrary units.

Assessement of Purity of the Isolated Fractions by FACS Analysis
----------------------------------------------------------------

The purity of isolated cell fractions, monocytes, lymphocytes, and granulocytes, were determined by FACS analysis after staining the cells using anti-CD14-FITC, anti-CD45 PE, and anti-CD15-APC antibodies, respectively. Platelet purity was determined using forward/side scattering method.

Statistics
----------

Each blood sample was analyzed with 3--5 replicates for bioenergetic determinations, and data are presented as mean±s.e.m. Statistical significance was determined using Student\'s *t*-test, with *P*\<0.05 taken as significantly different.

RESULTS
=======

Cellular Bioenergetics in Monocytes, Platelets, Lymphocytes, and Neutrophils
----------------------------------------------------------------------------

Shown in [Figure 1](#fig1){ref-type="fig"} are typical bioenergetic profiles for monocytes, lymphocytes, platelets, and neutrophils from individual donors. Mitochondrial bioenergetic profiles were determined using the sequential addition of inhibitors of oxidative phosphorylation as described previously.^[@bib43]^ After obtaining a basal OCR, oligomycin addition inhibited ATP synthesis, resulting in a decrease in OCR for all cell types except neutrophils ([Figure 1](#fig1){ref-type="fig"}). Next, the proton ionophore FCCP was added to cells that resulted in significant stimulation of OCR in monocytes and lymphocytes but had little effect on platelets or neutrophils. Finally, the complex III inhibitor antimycin A was injected to determine the non-mitochondrial OCR ([Figure 1](#fig1){ref-type="fig"}). Interestingly, neutrophils showed little or no response to mitochondrial inhibitors, consistent with a minimal role of oxidative phosphorylation in these cells.

Shown in [Figure 2](#fig2){ref-type="fig"} are the cumulative bioenergetic profiles for 6--8 healthy subjects for monocytes, lymphocytes, and platelets. All these cell types exhibited a detectable basal OCR that ranged from 1.5--2.0 pmolO~2~/min/*μ*g protein ([Figure 2](#fig2){ref-type="fig"}). The amount of basal OCR dedicated for ATP production is the difference between basal and oligomycin-induced OCRs (ATP-linked, [Figure 1](#fig1){ref-type="fig"}). ATP-linked OCR was greatest in the platelets with the lymphocytes possessing the lowest values. The OCR remaining after oligomycin addition represents a measure of proton leak (after correction for non-mitochondrial OCR). Consistent with the ATP-linked OCRs, platelets, and lymphocytes showed the lowest and highest values in this parameter, respectively. Maximal OCRs (obtained by adding FCCP) were similar for platelets, lymphocytes, and monocytes. Reserve capacity (the difference between the basal and maximal OCR, a reflection of the maximal mitochondrial electron transport^[@bib45]^) was greatest in the monocytes and significantly less in the platelets ([Figure 2](#fig2){ref-type="fig"}). Also shown in [Figure 2g](#fig2){ref-type="fig"} are pie charts depicting the proportional distribution of OCR among the different categories defined in the bioenergetic profile. From this analysis, it is evident that platelets have the highest ATP-linked respiration and lowest reserve capacity of the cell types examined.

Under the same conditions shown in [Figure 1](#fig1){ref-type="fig"}, the basal PPR was measured for all cell types and is shown plotted against the basal OCR with non-mitochondrial OCR subtracted ([Figure 3](#fig3){ref-type="fig"}). PPR includes contributions from several metabolic pathways but under these conditions we assume the major contributor is glycolysis.^[@bib43]^ From these data, it is clear that each cell type utilizes glycolysis and oxidative phosphorylation to satisfy their metabolic requirements in a distinct fashion ([Figure 3a](#fig3){ref-type="fig"}). Monocytes are the most energetic cell type at their basal state with high levels of both glycolysis and oxidative phosphorylation. Lymphocytes and platelets are more oxidative and less glycolytic under basal conditions whereas neutrophils show a moderate PPR with essentially little or no mitochondrial OCR.

[Figure 3b](#fig3){ref-type="fig"} shows the fold change in PPR after the addition of oligomycin, which stimulates glycolysis due to the loss of mitochondrial ATP production. Under these conditions, platelets had an ∼3-fold increase in PPR, suggesting that they have substantial glycolytic capacity. Monocytes and neutrophils both showed little or no increase after oligomycin, suggesting that they may be operating at near their maximum glycolytic capacity at basal conditions. Although lymphocytes showed an ∼2-fold increase post oligomycin, they exhibited the lowest absolute value for PPR ([Figure 3a](#fig3){ref-type="fig"}).

The differential metabolic profiles for platelets, monocytes, and lymphocytes suggested us that monocytes and lymphocytes could have greater levels of electron transport proteins relative to platelets. To test this, we measured levels of cytochrome c oxidase subunit I and the Rieske Iron sulfur protein (RIS) in complex III using western blotting in the three cell types isolated from three individual donors ([Figure 4](#fig4){ref-type="fig"}). The levels of cytochrome *c* oxidase were highest in monocytes and lymphocytes. Interestingly, the levels of RIS were different between all cell types with the highest levels found in lymphocytes. These mitochondrial proteins could not be detected in neutrophils (result not shown).

Oxidative Burst in Neutrophils and Monocytes
--------------------------------------------

Activation of phagocytic cells induces a rapid consumption of oxygen by NADPH oxidase-2 (NOX-2 gp91^phox^) to form superoxide, which is frequently known as the oxidative burst. This parameter has been widely used as a marker of the activation of innate immunity in human subjects. To determine if this can be detected and quantified in the XF24 analyzer, the OCR of neutrophils was measured at baseline and then after addition of PMA, a well-defined activator of PKC and subsequently the oxidative burst. In [Figure 5a](#fig5){ref-type="fig"}, neutrophils show a low basal OCR, which was stimulated ∼250-fold by PMA (100 ng/ml); this effect was completely inhibited by 10 *μ*M diphenylene iodonium (DPI), a flavoprotein inhibitor ([Figures 5a and b](#fig5){ref-type="fig"}). Next, the effects of PMA on monocytes were examined, and similar effects were observed in that addition of PMA significantly increased (6--7-fold) OCR ([Figures 5c and d](#fig5){ref-type="fig"}). As DPI can also inhibit mitochondrial respiration, basal OCR in monocytes was slightly decreased with the addition of DPI, but the PMA-stimulated OCR was almost completely inhibited. The PPR was also stimulated on addition of PMA to ∼50% of the value for OCR and was substantially inhibited by DPI (data not shown). These results are consistent with the oxidation of NADPH forming two superoxide molecules (measured as increase in OCR) and one proton (measured as increase in PPR), and therefore suggest that PPR under these conditions can largely be ascribed to the activity of NOX2. Using the same conditions and the cytochrome *c* reduction assay for the measurement of superoxide,^[@bib44]^ the rate of PMA-dependent and superoxide dismutase-inhibitable superoxide production was found to be 58.4±2.0 pmol/10 000 cells, which compares favorably with the value of 38.1 × 2.9 pmol/10 000 cells (mean±s.e.m., *n*=3--5) determined with the same cells in the XF24. The production of superoxide by activated neutrophils was also confirmed in a parallel plate using the nitrobluetetrazolium assay, which is used clinically as a screen for NADPH oxidase activity ([Supplementary data](#sup1){ref-type="supplementary-material"}; [Figure 2](#fig2){ref-type="fig"}). Hence, overall, these data provide a new means for quantifying NADPH oxidase-related oxidative burst in human subjects, which can be used as a surrogate marker for the effects of modulators of the innate immune system in real time.

To determine if the oxidative burst could be measured in monocytes or neutrophils after performing the bioenergetic profile experiments, PMA was injected after antimycin A and compared with cells treated as described in [Figure 5](#fig5){ref-type="fig"}. No significant differences in the oxidative burst capacity were observed indicating that the oxidative burst can be measured independently of mitochondrial respiration in the same cells ([Figure 6](#fig6){ref-type="fig"}). [Figure 7a](#fig7){ref-type="fig"} shows the cumulative data of 6--8 subjects for the PMA-dependent OCR after measurement of the bioenergetic profile. As expected, neither lymphocytes nor platelets showed any stimulation of OCR on addition of PMA. As mentioned above, the PPR response to PMA also correlates with OCR in each cell type and suggests that NADPH oxidase activity is responsible for this response ([Figure 7b](#fig7){ref-type="fig"}).

DISCUSSION
==========

A minimally invasive and rapid protocol for measurement of cellular bioenergetics has great potential for providing important clinical information in certain disease settings. This assay holds the potential to identify those individuals at risk for rapid disease progression and will provide the benefit of personalized treatment regimens as well as monitoring the effectiveness of treatment and contributing to prognoses. For the analysis of cellular bioenergetics and the oxidative burst to be used in a clinical setting, the techniques described here require validation with patient and normal populations. Currently, the most common approaches have been to isolate mitochondria from biopsies, peripheral blood cells or develop fibroblast cell lines from patient samples.^[@bib3],\ [@bib14],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib22],\ [@bib46],\ [@bib47]^ These methods have already been used to identify mitochondrial defects in diabetes and neurodegenerative diseases.^[@bib3],\ [@bib4],\ [@bib18],\ [@bib48]^ The drawback of these approaches is that PBMC do not have high levels of mitochondria, biopsies are generally invasive and painful, and in the case of fibroblasts the passage of the cells may alter their bioenergetics. With the advent of extracellular flux analysis, it has become possible to apply these methods to much smaller numbers of cells that can be derived from small volumes of blood and perform multiple measurements on the same subject over time at a relatively low cost and without the requirement of surgery to obtain the sample. Future experiments will also determine how cellular bioenergetics can possibly act as a measure of the effectiveness of lifestyle interventions, such as exercise or diet, or the impact of aging on mitochondrial function.

Other applications are to use the specific cell types isolated from leukocytes as surrogate markers for bioenergetic disease in chronic systemic pathologies (eg, diabetes), as a direct investigation of contribution of the particular cell type to a disease (eg, platelets and thrombosis or endothelial cell function) or as a means to monitor drug treatments. In the case of monocytes and neutrophils, there is an additional interest in assessing the ability of cells to generate superoxide through the NADPH oxidase and the extent to which a disease process primes the activation of this pathway. Importantly, there have been no studies characterizing the bioenergetic and ROS-generating profiles of platelets, neutrophils, lymphocytes, and monocytes from a single individual; the data and methodology provided in this report represent the first such studies, and can provide a basis for future assessments of these cell types and others.

Here, we have measured oxygen consumption and extracellular acidification in the cells that can be readily isolated from 10--20 ml of human blood. The cell isolations can be completed within 4 h of sample collection, and by using selective isolation methods populations of monocytes, platelets, lymphocytes, and neutrophils can be prepared to 80% purity. The isolation procedure and attachment to the extracellular flux analysis does not result in detectable activation of the cells based upon morphological criteria ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) although other more subtle changes cannot be ruled out.

In summary, we have shown that bioenergetic profiles can be obtained from a single blood sample for monocytes, platelets, and lymphocytes. Neutrophils have a negligible OCR that can be attributed to oxidative phosphorylation. These data are consistent with previous studies in which it was shown that neutrophils are primarily glycolytic, and have fewer mitochondria than other circulating leukocytes, which probably have a role in apoptosis.^[@bib49],\ [@bib50]^ PMA stimulation can be used to measure changes in both OCR and PPR to assess oxidative burst in neutrophils and monocytes. The bioenergetic profiles of platelets, monocytes, and lymphocytes can be readily obtained and show interesting differences. The composition of mitochondria in monocytes, platelets, and lymphocytes appears to be different, although a full proteomics analysis is required to verify this. These data suggest that cells will be differentially sensitive to stressors that act at different segments of the respiratory chain and this should be considered when they are used for translational screens of bioenergetic defects. For example, because platelets are functioning at the near maximal energetic capacity under basal conditions, they may not be the best choice to measure defects in complexes I--IV. In contrast, monocytes and lymphocytes show a reserve bioenergetic capacity and may therefore be more appropriate for such analysis. Interestingly, because the levels of the components for electron transport complexes appear to be different between cell types it is likely that the control of respiration for each cell type is different, and suggests that exposure of these cells to the same mitochondrial stressor would likely give a different response. Clearly, much more extensive investigations are required to establish the range limits for mitochondrial function assays and oxidative burst analyses between donor, sex and age, and cell types. However, an appreciation of these unique features of cellular mitochondrial function represents a step forward in the understanding and interpretation of bioenergetic profiling in clinical samples.
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![The bioenergetic profiles of human leukocytes and platelets. The bioenergetic profiles of monocytes (**a**), lymphocytes (**b**), platelets (**c**), and neutrophils (**d**) were determined using the extracellular flux analyzer. The basal measurements of oxygen consumption rates (OCR) were followed by sequential injections of 0.5 *μ*g/ml oligomycin (0.75 *μ*g/ml for platelets), 0.6 *μ*M FCCP, and 10 *μ*M antimycin A to determine the indices of mitochondrial function. Data expressed as mean±s.e.m. from representative donor profiles, *n*=3--5 assay replicates per sample.](labinvest201353f1){#fig1}

![Indices of mitochondrial respiratory function from monocytes, lymphocytes, and platelets. The critical indices of mitochondrial function were calculated from the cellular bioenergetic profiles for each cell type. Basal (basal rate---antimycin A rate) (**a**), maximal (FCCP rate---antimycin A rate) (**b**), ATP-linked (basal rate---oligomycin rate) (**c**), reserve capacity (FCCP response---basal rate) (**d**), proton leak (oligomycin response---antimycin A rate) (**e**), and non-mitochondrial (**f**) OCR of monocytes, lymphocytes, and platelets were plotted. Comparison of the percentage oxygen consumption (**g**) demonstrates distinct oxygen utilization pattern of each cell type. Cumulative data from eight healthy donors expressed as mean±s.e.m. \**P*≤0.05, \*\**P*≤0.005.](labinvest201353f2){#fig2}

![The oxygen consumption rate (OCR) and PPR of each cell type. (**a**) The mean basal OCR *vs* basal PPR. (**b**) The fold increase in PPR after treatment with 0.5 *μ*g/ml oligomycin (0.75 *μ*g/ml for platelets). Cumulative data from eight healthy donors expressed as mean±s.e.m. \*\**P*≤0.005.](labinvest201353f3){#fig3}

![Levels of electron transport chain proteins in peripheral blood cells isolated from freshly drawn human blood. Monocytes, lymphocytes, and platelets isolated from blood were lysed with RIPA buffer, and 50 *μ*g of protein was separated on a SDS-PAGE gel followed by western blot for (**a**) Complex IV subunit I and (**b**) RIS protein. Protein expression was quantified using AlphaView SA software. Data presented as mean±s.e.m., *n*=3. \**P*≤0.05, \*\**P*≤0.005.](labinvest201353f4){#fig4}

![Activating the oxidative burst in monocytes and neutrophils. (**a**) The OCR of CD15^+^ neutrophils before and after injection of 100 ng/ml PMA±10 *μ*M DPI, PMA-dependent response quantified in (**b**). (**c**) CD14^+^ monocyte OCR before and after injection of 100 ng/ml PMA±10 *μ*M DPI, PMA-dependent response quantified in (**d**). The mean values from a single donor±s.e.m. *n*=3--5 assay replicates per sample. \*\**P*≤0.005.](labinvest201353f5){#fig5}

![Activating the oxidative burst in monocytes and neutrophils following bioenergetic profiling. (**a**) The representative bioenergetic profile of CD14^+^ monocytes followed by an injection of 100 ng/ml PMA. (**b**) CD14^+^ monocyte PPR response to PMA from the same donor before and after 10 *μ*M antimycin A. (**c**) The representative bioenergetic profile of CD15+ neutrophils followed by an injection of 100 ng/ml PMA. (**d**) CD15+ neutrophil PPR response to PMA from the same donor before and after 10 *μ*M antimycin. The mean values±s.e.m. *n*=3--5 assay replicates per sample.](labinvest201353f6){#fig6}

![PMA response by cell type. (**a**) The PMA-stimulated OCR of monocytes, lymphocytes, neutrophils, and platelets are shown. (**b**) The PMA-stimulated PPR of monocytes, lymphocytes, neutrophils, and platelets are shown. Cumulative data from 6--8 healthy donors expressed as mean±s.e.m. \*\**P*≤0.005.](labinvest201353f7){#fig7}
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